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A B  ST RACT  The  role  of a  guanine  nucleotide-binding protein  (Gk) in  the 
coupling between  muscarinic  receptor activation and opening of an  inwardly 
rectifying K  +  channel  [IK(M)] was  examined  in  cardiac  atrial  myocytes, using 
hydrolysis-resistant  GTP  analogues.  In  the  absence  of  muscarinic  agonist, 
GTP analogues produced a  membrane current characteristic of IK(M). The ini- 
tial  rate  of appearance  of this  receptor-independent  IK(M) was  measured  for 
the  various analogues in order to explore the kinetic  properties of IK(M) acti- 
vation.  We found  that Ir~(M) activation is  controlled solely by the  intracellular 
analogue/GTP  ratio  and  not  by  the  absolute  concentrations  of the  nucleo- 
tides.  Analogues  competed  with  GTP  for  binding  to  Gk  with  the  following 
relative  affinities:  GTP'yS >  GTP  >  GppNHp  >  GppCH2p.  At  sufficiently 
high  intracellular  concentrations,  however,  all  GTP  analogues  produced  the 
same rate of Is(M) activation.  This analogue-independent limiting rate is likely 
to  correspond  to  the  rate  of  GDP  release  from  inactive,  GDP-bound  Gk. 
Muscarinic  receptor  stimulation  by  nanomolar  concentrations  of acetylcho- 
line  (ACh),  which do not elicit  IS(M) under control conditions,  catalyzed /V.(M) 
activation  in  the  presence  of GTP  analogues.  The  rate  of Gk  activation  by 
ACh  (kAch) was  found to be  described by the  simple  relationship  kAch =  8.4 
X  l0 s  min-lM -~'[ACh]  +  0.44  rain -~,  the  first  term  of which  presumably 
reflects the agonist-catalyzed rate of GDP release  from the Gk'GDP complex, 
while the second term corresponds to the basal  rate of receptor-independent 
GDP release.  Combined with the estimated K0.5 of the IK(M)-[ACh] dose-effect 
relationship,  160  nM,  this  result  also allowed us  to  estimate  the  rate  of Gk" 
GTP  hydrolysis,  k  ..... ,to  be  near  135  min -j.  These  results  provide,  for  the 
first time, a  quantitative description of the salient  features of G-protein func- 
tion in vivo. 
INTRODUCTION 
Vagal  stimulation  slows  the  heart  rate  and  decreases  the  force  of myocardial 
contractions by releasing  the  neurotransmitter  acetylcholine (ACh)  from para- 
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sympathetic nerve endings (Noble,  1975). At the cellular level, these effects are 
mediated  by  muscarinic  ACh  receptors  localized  in  the  cardiac  sarcolemma. 
Voltage-clamp studies of frog atrium have revealed that stimulation of muscar- 
inic  receptors  affects  at  least  two  transmembrane  currents:  it  activates  an 
inwardly  rectifying K +  current,  designated  here  as  IK(M), and  inhibits  the  slow 
inward  Ca 2+  current  induced  by  /3-adrenergic  agonists,  Li  (Giles  and  Noble, 
1976;  Momose  et  al.,  1982,  1984;  Breitwieser  and  Szabo,  1985;  Fischmeister 
and Hartzell,  1986). There is a significant delay between muscarinic ACh recep- 
tor  activation  and  the  appearance  of  an  effect on  these  membrane  currents 
(Purves,  1976;  Hill-Smith  and  Purves,  1978;  Hartzell,  1980;  Nargeot  et  al., 
1982). This slow time course of IK(M) activation has prompted several models that 
include  rate-limiting steps  beyond the  initial  binding  of ACh  (Pott and  Pusch, 
1979; Nargeot et al.,  1982). 
Recent studies  of atrial  myocytes revealed a  cascade of events between mus- 
carinic ACh receptor activation and IK(M) channel opening.  In particular,  intra- 
cellular application of hydrolysis-resistant GTP analogues was  found to induce 
an  antagonist-resistant,  persistently activated IK(M), which  suggests  that  channel 
opening  is  mediated  by  a  receptor-activated guanine  nucleotide-binding  pro- 
tein, which we have designated as Gk to denote that it opens a K+-selective chan- 
nel  (Breitwieser  and  Szabo,  1985).  This  hypothesis  was  corroborated  by  the 
observation that channel opening is  abolished when GTP is  removed from the 
cytoplasmic aspect of the membrane (Pfaffinger et al.,  1985). The pathway from 
muscarinic receptor stimulation to K + channel activation is thus likely to involve 
the  interaction of at least  three membrane proteins,  namely, the  receptor, Gk, 
and the K + channel itself. 
Single-channel studies of isolated membrane patches have suggested that cyto- 
plasmic second messengers  are not required for channel  activation (Kurachi et 
al.,  1986a,  b). More recently, isolated G-proteins were observed to activate IK(M)- 
like  channels  in  ripped-off patches  of cardiac  cell  membranes  (Codina  et  al., 
1987; Logothetis et al.,  1987; Yatani et al., 1987). Although a membrane-bound 
intermediate cannot be ruled out at present,  the mode of activation of Ik(M) by 
Gk  appears  to  be  novel  in  that  the  G-protein  activates  the  effector directly, 
instead of acting indirectly via cytoplasmic intermediates, as is the case for Ca  2+ 
channels (Kameyama et al.,  1985). 
The major features of the signal transduction pathway for Ix(M) activation have 
been  inferred mainly from biochemical  studies  using  broken-cell preparations 
(for reviews see Stryer and Bourne, 1986; Nathanson,  1987; Spiegel, 1987; Dun- 
lap et al.,  1987), so there are as yet few quantitative data concerning the mode 
of operation of this system in vivo. We have previously shown that isolated bull- 
frog atrial  cells  exhibit  all  of the  characteristics  of a  fully coupled  system,  in 
which muscarinic receptor stimulation leads  to G-protein-dependent K + chan- 
nel  activation  (Breitwieser and  Szabo,  1985).  We report here that we  found it 
possible to dissociate the receptor from the rest of the pathway, allowing a direct 
investigation of G-protein-channel interactions.  Specifically, we have used sev- 
eral  hydrolysis-resistant  GTP  analogues  to  examine,  in  quantitative  detail,  the 
control of channel activation at the level of the G-protein, as well as  the  rood- BRFITWII';SFR  AND SZABO  Mechanism  of Receptor-induced K + Channel Activation  471 
ulatory effect exerted  upon  this  process by the  muscarinic receptor.  A  prelimi- 
nary  account  of  some  of  these  results  has  been  presented  (Breitwieser  and 
Szabo,  1987). 
METHODS 
Dissociation  of Cells 
The bullfrog, Rana catesbeiana,  was used. The heart was removed and rinsed in perfusion 
solution, containing (millimolar): 110 NaC1, 5.4 KCI, 1.0 MgCI~, and  10 HEPES, pH 7.2 
(equilibrated with  100%  Oz).  The  dissociation of cells was  performed  at  30~  by  the 
method of Mitra and  Morad (1985),  using 230  U/ml collagenase (type 4194,  Worthing- 
ton  Biochemical  Corp.,  Freehold,  NJ)  and  0.5-1.0  U/ml  protease  (type  XIV,  Sigma 
Chemical  Co.,  St.  Louis,  MO).  Atrial cells were  obtained by dissecting the  heart after 
digestion and gently shaking the atrium in a  modified perfusion solution containing 0.2 
mM CaClz and  10 mM lactic acid. Cells could be stored for at least 8  h  in this solution, 
provided that it was gently agitated in order to prevent aggregation of the myocytes. 
Solutions 
The composition of the HEPES-buffered Ringer's solution was (millimolar): 90 NaCI, 2.5 
KCI,  5.0  MgCl~,  2.5  CaCI~,  20  HEPES,  and  10  glucose, pH  7.4.  Tetrodotoxin  (5  taM) 
and CdC12  (0.5 raM) were routinely added to the extraceilular solution to block the fast 
Na +  and  background  Ca 2+  currents,  respectively. Occasionally, phenol  red  (0.25  mM) 
was added to alternate extracellular solutions in order to monitor the time course and 
completeness of solution changes. ACh was added to the HEPES-buffered Ringer's solu- 
tion  from  a  stock  prepared  daily. The  standard  intracellular solution contained  (milli- 
molar): 60  K + aspartate, 50  KCI, 0.5  EGTA, 5.0  HEPES,  and  1.0 ATP, as the Mg salt, 
pH  7.4  with  KOH.  Guanine  nucleotides and/or metabolic blockers were  added to  this 
solution as the Li  + or K + salts. Corresponding concentrations of Li  + alone had no effect 
on  the  ionic currents.  Whenever the total concentrations of added guanine nucleotide 
exceeded  2  mM,  the  MgATP  concentration  was  increased  to  5  mM.  Although  5  mM 
MgATP had  no  direct effect on  ionic currents,  it did increase the ability of the cell to 
tolerate  high  concentrations  of hydrolysis-resistant guanine  nucleotides by  minimizing 
guanine nucleotide-induced contraction. All salts were reagent grade. HEPES was Ultrol 
grade from  Calbiochem-Behring Corp,  La Jolla, CA; GTP3~S [guanosine-5'-O-(3-thiotri- 
phosphate)] and GppCH2p [guanylyl(B,3,-methylene)-diphosphate] were from Boehringer 
Mannheim,  Indianapolis, IN. GppNHp (guanylyl-imidodiphosphate), metabolic blockers, 
and all other nucleotides were obtained from Sigma Chemical Co. 
Electrophysiology 
The  whole-cell  recording  configuration  of  the  patch-clamp  technique  (Hamill  et  al., 
1981)  was used.  Cells were allowed to settle in  the recording chamber and then super- 
fused with extracellular solutiorx at a  rate of 0.5-1.0  ml/min. All experiments were per- 
formed at room temperature (22-24~  A valve, mounted near the recording chamber, 
allowed rapid extracellular solution changes.  Control experiments, using solutions con- 
taining different K + concentrations, indicated that under optimal conditions, the solution 
bathing the myocyte could be exchanged within 200  ms.  Patch pipettes were fabricated 
from square-bore glass (Glass Co. of America, Millville, N  J) by a  single pull of a vertical 
puller (700D,  David Kopf Instruments, Tujunga, CA) and had resistances between 3 and 
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sured  using a  current-to-voltage converter built by  Dr.  Tatsuo  Iwazumi,  University of 
Calgary, Alberta, Canada, and  optimized for low-noise performance  under  capacitative 
loading. Ag/AgCI electrodes were  used  to  establish electrical contact with  pipette and 
bathing solutions. 
Command pulses for the voltage-clamp protocols were applied to the bathing solution 
by a custom-designed, programmable waveform generator, and involved steps to various 
potentials, with a return to the holding potential between test potentials. Pulse protocols 
were applied to the cells from the moment of patch disruption to allow continuous mon- 
itoring of the cell currents. A  5-mV voltage step was included in most pulse protocols to 
allow continuous monitoring of pipette series resistance and cell membrane capacitance. 
For most experiments, we did not compensate for the effects of pipette series resistance, 
since these were found to be negligible. However, the effect of a linear series resistance 
reversing at 0  mV was taken into account for the current-voltage (l-V) relationships of 
Figs. 2  and  4.  Current  and  voltage signals were  recorded on  FM  magnetic  tape at  3~ 
i.p.s.,  corresponding  to  a  bandwidth  of  1,250  Hz,  using  a  Racal  4D  (Sarasota,  FL) 
recorder. The data were then either displayed on a chart recorder for direct analysis or 
digitized at  12-bit resolution for computer-assisted analysis. 
Calculation of IK~M) Activation Rates 
The  cell currents at  --5 mV were  monitored continuously from  the  time of patch dis- 
ruption.  In the presence of GTP analogues (GXP), a slow linear increase in the outward 
current was usually observed within  1 rain after patch disruption. The  time required to 
reach complete activation of IK~M) depended upon the GXP/GTP ratio, and ranged from 
3  to 15 min in the absence of ACh. In most experiments, the current increase was mon- 
itored for at least 3  min, and  then  a  saturating dose of ACh  (1  #M)  was superfused to 
gauge  the  maximal  1K~) obtainable in  the  cell. The  linear initial rates  of the  current 
increase were measured from chart recordings, normalized to the maximal, ACh-induced 
steady state IK~M), and are presented as the normalized activation rate (per minute).  The 
cells were not selected for similarities in size (cell capacitance varied from 80 to 150 pF) 
or pipette resistance (although the pipette resistance was <7  MFt); the only normalization 
criterion used was the response to  1 #M ACh at the end of each experiment. 
RESULTS 
Characteristics  of lmM  ) in Bullfrog Atrial Cells 
Preliminary  experiments  were  designed  to  establish  the  salient  features  of the 
muscarinic receptor-induced  inwardly rectifying K +  current,  identified here  as 
IKCM), in enzymatically isolated atrial myocytes of the bullfrog.  Particular empha- 
sis was  placed on  the  characterization of the  features  of IK~M) that  permit it  to 
be distinguished  from  the  background  K +  current,  IK~. Fig.  1  illustrates typical 
effects of ACh on K + currents.  The upper  panel demonstrates the effect of ACh 
on  the  cell response  to voltage steps to  --135  and  --45  mV  (duration  250  ms, 
with  a  return  to  the  holding potential of  --85  mV  for  250  ms between  steps), 
allowing  an  assessment  of  changes  in  inward  and  outward  current.  In  the 
absence  of muscarinic  agonist,  the  time-independent  inwardly  rectifying back- 
ground  K +  current,  IK~, contributes  a  significant inward current  at hyperpolar- 
izing potentials and  a  very small outward  current  at  --45  mV  (Cleeman,  1981; 
Hume  and  Giles,  1983;  Momose  et al.,  1983).  Addition of 1  #M  ACh  results in BREITWIESFR AND SZABO  Mechanism of Receptor-induced  K + Channel Activation  473 
an  increase in both  inward and outward  currents.  Previous studies  (Momose et 
al.,  1982,  1984)  have  shown  this current  to be  carried by K +.  In contrast with 
IKj, the current  elicited by ACh is time dependent  (Iijima et al.,  1985;  Simmons 
and  Hartzell,  1987),  and  settles  to  a  steady  value  only  after  several  hundred 
milliseconds. The effects of ACh are fully reversible upon  washout  of the ACh- 
containing  Ringer's  solution  (the  control  and  post-ACh  traces  are  superim- 
o 
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FIGURF  1.  Effects  of  ACh  on  K  +  currents  in  voltage-clamped bullfrog  atrial  cells. 
Upper panel: current  response to 250-ms voltage steps to  --135  and  --45  mV from a 
holding potential of --85  inV.  Upward deflections indicate outward  currents.  Applica- 
tion of 1 #M ACh caused an increase in the inward current at -- 135 mV and the outward 
current at  --45  mV.  Washout of ACh resulted in the return of membrane  currents to 
control  levels, The  line  indicates  the  zero-current  level.  The  bath  solution  contained 
tetrodotoxin (5 /~M) and CdCl,~  (0.5  raM). The  pipette contained the standard intracel- 
lular solution, as described in the methods.  Lower panel: time course of the membrane 
currents  induced by  1 ~M  ACh.  The  currents at  the end  of each  250-ms  pulse to  --5 
(upper trace) and  -- ] 35 mV (lower trace), along with the current at the holding poten- 
tial,  --85  mV  (middle  trace),  are  plotted.  Bath  and  pipette  solutions as  in  the  upper 
panel. Note the partially resolved decay of IS~M) (desensitization) following ACh applica- 
tion. The line indicates the zero-current level. 474  THE  JOURNAl.  OF  GENERAl.  PHYSIOLOGY  -  VOI.UME  91  1988 
posed).  Additional  features  of the  ACh-induced  current  are  evident  when  the 
same experiment  is continuously monitored  by plotting the steady state  current 
at the end of each 250-ms voltage step.  This is shown in the lower panel  of Fig. 
1  for  test  pulses  to  --5  and  --135  mV;  the  current  at  the  holding  potential 
(--85 mV) is plotted as well.  Rapid bath application of ACh produced a  current 
that  decayed  in  time  (e.g.,  desensitized)  to  ~67  _+  5.6%  (n  =  8)  of the  maxi- 
mum  peak  current.  In  a  manner  similar  to  that  observed  in  mammalian  atrial 
myocytes (Carmeliet  and  Mubagwa,  1986),  the current  did not desensitize  corn- 
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FIGURE  2.  Dose-dependent 
effect of ACh application  on 
the  steady  state  I-V relation- 
ship  for  a  voltage-clamped 
bull~u  atrial  cell.  HEPES- 
buffered  Ringer's  solution 
contained  0  (triangles),  10 -~ 
M (filled circles), 3  X  10 -s M 
(inverted  triangles),  10 -7  M 
(open circles),  and  3  X  10 -7 
M  (squares)  ACh.  The  patch 
pipette  was  filled  with  stan- 
dard  internal  solution.  Cur- 
rents were measured at the end of 250-ms pulses to the various voltages, from the hold- 
ing potential  of --85 mV.  Small corrections were made to  VM tO take  into account the 
voltage drop across the recording patch pipette, whose series resistance was continuously 
monitored.  These  corrections  were  necessary  only  at  large  ACh  concentrations  and 
hyperpolarizing potentials,  and amounted to only a few millivohs. Corrections were also 
made for the leakage current through the seal of the patch pipette.  Control experiments 
indicate  that  this  leakage  current  has  an  I-V relationship  that  is  practically  linear  and 
passes through  V =  0, so that it can be approximated as a  parallel  resistive component 
whose  magnitude  was estimated,  for this  figure,  as  the  VM/IM ratio  at  the  point where 
the I-V relationships  for the various ACh concentrations intersect.  As this crossover  VM 
appears  to be the  reversal  potential  both  for IK~M) and  IK~, the current  at  this potential 
can be ascribed to leakage alone. The dose-dependent increase  in IK(M) with ACh can be 
derived  from the  illustrated  I-V relationships  as a  scale  factor for the  series  of curves, 
with a K0.5 for ACh of 1.59  X  10 -~ M. 
pletely,  but remained  stable for minutes.  Washout of ACh results  in a very rapid 
return  to  background  current  levels  (90-10%;  decay  time,  <300  ms).  Fig.  2 
illustrates  the effect of ACh on the steady state  I-V relationship.  In the  10-300- 
nM  concentration  range,  ACh causes  a  progressive,  scaled  increase  in both  the 
inward and outward current.  Note,  however,  that the  shape of the I-V relation- 
ship  for the current  induced by ACh,  although inwardly rectifying,  differs  from 
that of the background K + conductance,  IK,. Thus,  for example,  at depolarizing 
potentials  relative  to the  K + equilibrium  potential,  IK~M~ is large and rather inde- BRFITWl~SER AND SZABO  Mechanism of Receptor-induced K + Channel Activation  475 
pendent of VM, while IK~ tends to become vanishingly small. This is most clearly 
seen by comparing the control I-V relationship of Fig.  2  (pure background cur- 
rent, IK~) with that of pure Ix(M) shown in Fig. 4  (obtained from the data of Fig. 
2 by subtraction of the background component from the net steady state current 
observed in  the presence of 1 #M ACh).  Further analysis of the  data in  Fig.  2 
revealed  that  the  shape  of  the  IK(u)-V relationship  is  the  same  for  all  ACh 
concentrations,  even under  desensitizing conditions  (e.g.,  ACh  concentrations 
>300  riM).  The magnitude  of IK~M) is,  of course,  determined by the ACh  con- 
centration. For submicromolar concentrations of ACh, for which desensitization 
is  minimal,  the  magnitude  of the  response  (e.g.,  the  scale  factor necessary to 
superimpose IK(M)-V relations) can be approximated by a  simple Michaelis-Men- 
ten-type dose-effect relationship with K~5  =  159 nM. Desensitization interferes 
with the proper description of the dose-effect relationship for IK(M) above  1 gM 
ACh. 
Receptor-independent,  Persistent Activation  of IK~M~ by Hydrolysis-resistant  GTP 
Analogues 
Biochemical studies  in a  variety of isolated membrane  preparations have dem- 
onstrated  that  hydrolysis-resistant GTP analogues  (GXP) can bind  to and  irre- 
versibly activate G-proteins even in the absence of receptor stimulation (Rodbell, 
1975;  Schramm  and  Rodbell,  1975;  Codina  et  al.,  1984;  Kahn  and  Gilman, 
1984;  Katada et al.,  1986; Wong and Martin,  1986).  If a  similar process of Gk 
activation occurs in intact atrial cells, then one should observe a corresponding 
receptor-independent activation of IK(M) whenever these  analogues  are injected 
into the cell. Experiments that confirm this hypothesis are shown in Fig. 3. Addi- 
tion of GppNHp to the control electrode solution results in a slow, time-depen- 
dent increase in a  current with properties characteristic of IK(M) (upper panel). 
The time dependence of the current in response to a  voltage step is  similar  to 
that observed for IK(M) in Fig.  1. Moreover, the I-V relationship for GXP-induced 
current is the same as the I-V relationship derived from a  control cell in which 
ACh was  used to induce the current  (Fig.  4). The absolute  currents have been 
plotted for both cells, and the solid curve has been drawn through the data for 
the control cell. In this example, the/-V relationships for the two cells coincide 
(the cells had roughly the same membrane area, as judged by the input capaci- 
tances). In other cases, while the magnitudes of the currents were different, the 
shapes  of the I-V relationships  were identical when  properly scaled.  Two "fin- 
gerprint"  properties  of IK~M) are  thus  shared  by  the  channel  induced  by  the 
hydrolysis-resistant GTP analogue. A  third property, its relation to the muscar- 
inic ACh receptor, can be verified indirectly. If IK(M) is in fact activated by GXP, 
then ACh should not produce any additional current in a  cell that has attained 
maximal stimulation by analogue.  Fig. 4  also illustrates this point: bath applica- 
tion of 1  #M  ACh  to the cell in which  the  inwardly rectifying K +  current was 
fully induced by GXP,  in  this  case GTP~'S, yielded no further increase  in cur- 
rent, which  implies that  the GXP-induced current and Ix(M) are identical.  Note 
also that  applications  of atropine, either after the current increase is  complete 476  THE  JOURNAl.  OF  GENERAL  PHYSIOLOGY  ￿9  VOI.UMF  91  ￿9  1988 
300 ms 
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-45  mV 
-85  mV 
200 s  ~.~.~~,~.~.~%~.~...~..~  -  1,35 mV 
FIGURE  3.  Effect  of  intracellular  OppNHp  on  K +  currents  in  bullfrog  atrial  cells. 
Upper panel: the cell was continuously stepped to  --135  and  --45  mV from a  holding 
potential of --85 mV, with a 300-ms return to the holding potential between test voltage 
pulses. The  patch  pipette contained,  in  addition to  the  standard  intracellular solution, 
100 #M GppNHp. Lower panel: time dependence of the current increase in response to 
intracellular GppNHp. Same cell as in the upper panel. The steady state responses at the 
end  of each  300-ms  pulse are  plotted for  --45  (upper,  outward  current  trace),  --135 
(lower, inward current trace), and  --85 mV (near zero current). Atropine (0.5 raM) addi- 
tion to the bath solution had no effect on the current. The lines at the left in both panels 
indicate the zero-current level. 
(lower panel of Fig. 3) or before the current  begins to develop (data not shown), 
are without  effect. 
The time course of GXP-induced  current  activation (lower panel, Fig. 3) illus- 
trates that the  current  develops slowly, over the course of several minutes.  The 
rate of this receptor-independent  activation of IK(M) has been measured under  a 
variety of experimental conditions  in order  to establish  the various biochemical 
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Roles of Endogenous GTP in the Activation of I~(M) 
The effect of intracellular  GTP depletion on the  muscarinic receptor-mediated 
regulation of ion channels has only recently been appreciated (Pfaffinger et al., 
1985).  Early studies  of IK(M) in  a  variety of cardiac  tissue and cell preparations, 
as well as the experiments in  Figs.  1 and  2, were done in the absence of added 
GTP  (Soejima and  Noble,  1984;  Momose et al.,  1984;  Giles and  Noble,  1976; 
Garnier  et  al.,  1978).  In  spite  of this,  ACh  produced  a  large  IK(M). Repeated 
exposure  of  cells  to  1  ~tM  ACh  at  10-min  intervals  revealed  no  substantial 
decrease  in  the  level of ACh-elicited  current  for times  up  to  30  rain  (data not 
shown).  Moreover, GTP in the electrode solution, at concentrations up to 1 raM, 
had no effect on the  maximal current elicited by ACh.  The known involvement 
of Gk  in  receptor-channel  coupling  in  bullfrog  atrial  cells,  as  revealed  by  the 
effects of hydrolysis-resistant GTP analogues,  suggests that these cells can main- 
I  ~/I  I  I 
-  io/~//-  -50 
./  :o 
F~GUR~; 4.  Comparison  of  I-V 
relationships  for  the  receptor- 
dependent  IK(M) and  the  receptor- 
I  independent,  GTP  analogue-in- 
0  v (~v)  50  duced  IK(M). The steady state (at the 
end of 250-ms voltage steps from a 
-100  holding potential  of  --85  mV) I-V 
relationships for two cells are com- 
pared  (the  contribution  of  the 
-z00  background  IKt  current  was  sub- 
tracted):  a  control  cell  (triangles), 
in which IK(M) was  induced  by addition  of 1 #M  ACh  to the  bath solution  (the  pipette 
contained standard intracellular solution), and a cell in which IK(M)  was induced by includ- 
ing 200 #M GTP'yS in the standard intracellular solution (circles),  and the same cell,  to 
which  1 #M ACh was applied, after the current increase owing to GTP3'S was complete 
(squares). The traces were corrected for series resistance. 
tain a  cellular level of GTP that allows maximal activation of IK(M), despite some 
loss of nucleotide  to  the  patch  pipette.  We  tested  this  possibility by examining 
the effects of a variety of metabolic inhibitors on the ability of ACh to elicit IK(M). 
The bullfrog atrial cell proved to be remarkably resistant to guanine nucleotide 
depletion  to the  low levels required  to completely block IK(M). 
We found only two rather harsh treatments that could achieve a  cellular GTP 
depletion  sufficient  to  completely prevent  the  appearance  of IK(~) upon  ACh 
stimulation of the  muscarinic receptor.  One  of these required  removal of ATP 
from the pipette solution and inclusion of the following metabolic inhibitors:  10 
mM  AppNHp  (adenylyl-imidodiphosphate,  a  hydrolysis-resistant ATP  analogue 
that  competitively  inhibits  ATP  synthesis),  100  #M  Ap5A  [P~,PS-di(adenosine- 
5')-pentaphosphate, an adenylate kinase inhibitor],  and  100 uM trypan blue (an 
inhibitor of nonspecific nucleotide transphosphorylation).  Glucose was removed 
and  2  mM  cyanide was  added  to  the  bath  solution  to  uncouple  mitochondrial 478  THE  JOURNAL  OF  GENERAL  PHYSIOI.OGY  ￿9  VOLUME  91  "  1988 
transport.  The effect of this  potion  of metabolic inhibitors  is illustrated  in  Fig. 
5.  For this experiment, IKtM) was assessed by stepping the voltage to  --5 mV for 
250 ms from the holding potential (--85 mV).  1 #M ACh was applied to the cell 
briefly at 6,  11,  and  13  rain after patch disruption.  The progressive decrease in 
IKtM) shown by the upper three traces clearly demonstrates the decay in the abil- 
ity of ACh  to  elicit  I~M)  until,  at  13  min,  the  agonist is without  effect,  as indi- 
cated by the near coincidence of this trace with the ACh-free control trace (bot- 
tom).  Each  of the  inhibitors  in  the  mixture,  when  used  alone,  in  experiments 
lasting up  to  30  rain,  could  reduce  but  not  abolish  the  stimulation  of I~)  by 
ACh.  This  suggests  that  a  variety of independent  pathways exist  for  the  main- 
tenance  of adequate  cell  nucleotide  levels in  adult  atrial  cells.  Block of all  the 
ATP synthetic  and ATP/GTP  transphosphorylation  pathways,  as well  as loss of 
existing GTP pools to the  electrode,  are required for a  full block of 1K~M). 
1  O0  ms 
--  ~~ 
FIGURE 5.  GTP  dependence  of 
the cell  response to ACh:  effect of 
metabolic  inhibitors.  Membrane 
current responses to a voltage step 
to --5 mV from a holding potential 
of --85 mV are shown.  1 ~M ACh 
was  applied  at  6  (upper trace),  11 
(next  trace),  and  13  (trace  near 
control) rain after access to the cell 
interior.  The  electrode  contained: 
50  mM  KC1, 60  mM  K  + aspartate, 
0.5  mM  EGTA, 5  mM  HEPES,  10 
mM AppNHp,  100  ~M Ap5A, and 
100  #M  trypan blue,  pH  7.4.  The 
Ringer's  solution  contained:  90 
mM  NaC1, 0.6  mM  KCI,  5  mM 
MgCI~,  2.5  mM  CaCle,  20  mM 
HEPES, and  2  mM  KCN, pH  7.4. 
The  line  at  the  left  indicates  the 
zero-current level. 
A  second  condition  that  produces  significant  block  of  the  ACh-dependent 
I~<M) is  the  inclusion  of  1  mM  GDPBS  [gnanosine-5'-O-(2-thiodiphosphate)]  in 
the  standard  pipette  solution.  Fig.  6  illustrates  the  time course of the  decrease 
in ACh-stimulated  IK~M), as monitored by the  steady state current  at  the end  of 
250-ms pulses  to  --5  mV from  --85  mV,  the holding potential.  In this experi- 
ment,  ACh  was  added  to  the  extracellular  solution  as  soon  as a  stable  current 
was observed after access to the cell interior, so that the effect of electrode solu- 
tion entry into the cell could be observed. The ACh-induced current decayed to 
very  low  levels  within  3-4  min  of  cell  dialysis.  It  is  likely  that  the  GDPflS- 
mediated inhibition of IK~M) is a  result of two distinct processes, one arising from 
block of cellular GTP synthesis by GDPflS  substituting  for GDP,  and  a  second 
arising from direct competition of GDP/~S with the  remaining cellular GTP for 
the  binding  site  on  Gk  (Eckstein  et  al.,  1979;  Iyengar et  al.,  1980;  Ho  et  al., BRF[q~I~:SWR AYl) SZABO  Mechanism  of Receptor-induced K" Channel  Activation  479 
1986).  These two mechanisms combine to provide rapid inhibition  of the ACh- 
induced current. 
GTP Modulation of Receptor-independent Activation of IK~M; by GTP Analogues 
An  initial  examination  of  the  receptor-independent  activation  of  IK~M), using 
electrode  solutions  that  contained  only hydrolysis-resistant GTP analogues  and 
ATP,  revealed a  considerable  variability in  the  rate  at which  IK~M) appeared.  In 
the  previous  section,  we  demonstrated  that  significant  amounts  of  GTP  may 
remain  in  the  cell  even  when  the  cell  is  continuously  dialyzed.  As  GTP  is 
expected  to  be  a  competitive  inhibitor  of the  receptor-independent  activation 
process,  which  is  a  direct  reflection  of the  binding  of the  hydrolysis-resistant 
GTP analogue  to  the  activation site on  Gk, variations in  the  cellular GTP con- 
centration are expected to alter the activation rate. Thus, uncontrolled,  variable 
levels of GTP remaining in the cell may explain the variability in the rate of IK~M) 
activation.  We tested this possibility by including various known concentrations 
of GTP in the electrode solution, which contained a fixed concentration of GXP. 
50 s 
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FIGURE 6.  Effect  of  GDPf3S on 
the  cell  response  to  ACh.  Mem- 
brane currents measured at the end 
of  250-ms  pulses  to  --5  mV  are 
shown as a function of time.  1 taM 
ACh  was  applied  30  s  after patch 
disruption.  The  pipette  contained, 
in  addition  to  the  standard  intra- 
cellular  solution,  1  mM  GDP(3S. 
The  line  at  the  left  indicates  the 
zero-current level. 
As long as the concentration of GTP in the pipette is above the steady state level 
of residual  GTP in  the  cell,  the  electrode  solution  should  effectively clamp the 
GXP/GTP  ratio.  We  found  that  under  these  circumstances,  the  rates  of IK~M) 
activation  were  in  fact  much  more  reproducible.  A  typical  experiment  of this 
kind  is shown  in  Fig.  7.  The  cell  was monitored  continuously,  and  the  rate  of 
appearance of the  outward  current  at  --5  mV was determined.  At  the  end  of 
the  experiment,  1  /~M  ACh was  added  to  the  bath  in  order  to  allow  the  rate 
of receptor-independent activation to be normalized to the maximal steady state 
IKCM) observable in the same cell. 
We  found  that  the  rate  of IK~M) activation depends  only upon  the  GXP/GTP 
ratio,  regardless  of the  absolute  concentrations  of GXP and  GTP used  to  pro- 
duce  the  ratio.  Thus,  for  example,  500  ~M  GppNHp  with  50  ~M  GTP  gave 
essentially the  same activation rate  as  2  mM  GppNHp  with  200  #M  GTP,  0.25 
+_  0.06  min -I  (n  =  3)  and  0.28  _  0.03  min -I  (n  =  6),  respectively.  Fig.  8 
summarizes the effect of adding GTP to pipette solutions containing 0.1, 0.5,  1, 
and 2  mM GppNHp. The rates of receptor-independent IK(M) activation increase 480  THE  JOURNAL  OF  GENERAL  PHYSIOt,OGY  "  VOLUME  91  -  1988 
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1 /.~M ACh  FIGURE  7.  Time  dependence  of 
receptor-independent activation of 
l~(ra). Membrane currents measured 
at the end of 250-ms pulses to  --5 
mV  from  a  holding  potential  of 
--85 mV are  plotted as a  function 
of time. In addition to the standard 
intracellular  solution,  the  patch 
pipette  contained  2  mM  GTP'yS 
and 0.1  mM  GTP.  1 #M  ACh was 
added to the bath at the end of the 
experiment.  The  line  at  the  left 
indicates the zero-current level. 
as a  function of the GppNHp/GTP  ratio and saturate near 0.3  min -~. The data 
are well described by the Hill equation, R/R ....  =  [GXP/GTP]"/(Ko..~  +  [GXP/ 
GTP]"), with  the  following parameters  of the best  fit (solid line):  R .....  -  0.29 
rain -~,  K0..~ =  3.26,  and n  =  1.7.  In order to determine the sensitivity of this 
process  to guanine  nucleotide structure,  we  examined  the  ability of two  addi- 
tional  hydrolysis-resistant  GTP  analogues,  GTPTS  and  GppCH,2p,  to  support 
receptor-independent activation of IK(M}. AS shown in Fig.  9, all three GTP ana- 
logues are capable of receptor-independent activation of the channel. Although 
the  GTP analogues  activate  Gk  at  widely  different  GXP/GTP  ratios,  all  three 
produced essentially the same maximal activation rate. The relative effectiveness 
of the  guanine  nucleotides for Gk activation are:  GTP"/S >  GTP >  GppNHp 
>  GppCH2p. 
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FIGURE 8.  Rate of activation of/R(M) depends only on the GppNHp/GTP concentration 
ratio and not on the absolute concentrations. The rates of activation of IK(M) (normalized 
to  the maximum steady state current in  1 pM ACh) are  plotted against the  GppNHp/ 
GTP concentration ratio in the patch pipette. The ratios were produced with GppNHp 
concentrations of:  0.1  (open  squares),  0.5  (filled squares),  1.0  (open  circles)  and  2.0 
(filled circles)  raM.  Each  point represents  the  average of two  to  six  experiments. The 
solid line is a nonlinear least-squares fit of the data to the Hill equation, as described in 
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These  data  suggest that  a  common process limits  the  rate  of IK0~) activation 
when  the  receptor is  bypassed.  This  rate-limiting  process should  occur before 
guanine nucleotide binding, since it is independent of guanine nucleotide struc- 
ture,  and  should be  independent  of receptor-G-protein interaction,  since  it  is 
seen in the absence of receptor activation. A likely candidate is the step at which 
GDP dissociates from Gk. The validity of this contention was assessed by exam- 
ining the  effects of muscarinic agonist on the  rate of persistent  IK(M) activation 
in the presence of hydrolysis-resistant GTP analogues. 
Catalytic Effect of Agonist on the Rate of Persistent  Channel Activation 
Biochemical studies have demonstrated that the basal GTPase activity of G-pro- 
teins  is  enhanced by muscarinic receptor stimulation  (Onali  et  al.,  1983;  Haga 
0.35- 
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FIGURE 9.  Dependence  of 
the rate of activation of IK(U) 
on  the  GXP/GTP  ratio  for 
various  GTP  analogues.  The 
electrode solutions contained 
5  mM  MgATP  and  guanine 
nucleotide  analogues  plus 
GTP  to  produce  the  various 
ratios such that the GTP con- 
centration  was  never  below 
50  #M.  Experiments  were 
performed  as  described  in 
Fig.  7.  The  GTP  analogues 
were: GTPTS (triangles),  GppNHp (circles), and GppCH2p (squares).  The error bars rep- 
resent  1 SD (minimum of four experiments per point). The solid lines were drawn to the 
best-fitting Hill equation with the following parameters: Rm,x =  0.30 rain -t, K05 --  0.55, 
n  =  1.18  for GTP~,S; R .....  =  0.30 min  -~, K~..~ --  3.25, n  =  1.7  for GppNHp; R  ..... = 
0.30  min  -~,  K0.5  =  21,  n  =  1.5  for GppCH2p.  All  parameters  were  allowed  to  vary 
except R ..... for GppCH.~p, which was fixed at 0.3 min  -~. 
et  al.,  1985;  Kurose  et  al.,  1986).  The  increased  turnover  rate  results  from 
receptor-mediated enhancement of the rate of release of GDP from the inactive, 
GDP-bound G-protein (Higashijima et al.,  1987a). The limiting rate of receptor- 
independent activation of IK(M), common to all of the GTP analogues in the pres- 
ent studies, is likely to be a  reflection of the low basal rate of GDP release from 
Gk. If ACh increases the GDP "off" rate by way of receptor activation, then ACh 
must  also  increase  the  rate  of  appearance  of I~r  ),  provided  that  the  cell  is 
flooded with hydrolysis-resistant GTP analogue. This is demonstrated in Fig.  10. 
The cell was internally  perfused with  an  electrode solution containing  1.0  mM 
GppNHp  (20:1  ratio with  GTP).  After  100  s  of equilibration  time,  5  nM  ACh 
was added  to  the  bath,  and  I~(m) developed rapidly.  Maximal  IK(M) was  induced 
within 25 s,  as evidenced by the  lack of further current stimulation upon addi- 
tion of 1 /zM ACh to the bath at the end of the experiment.  Note that this is in 482 
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FIGURE  10.  Effect of 5  nM 
ACh on  /K(M) in  the presence 
of  intracellular  GppNHp. 
Membrane  currents,  mea- 
sured  at  the  end  of  250-ms 
pulses  to  --5  mV  from  a 
holding  potential  of  --85 
mV, are plotted as a  function 
of time. The standard pipette 
solution  contained  1  mM 
GppNHp and 50 taM GTP.  5 
nM  ACh  was  applied  to 
induce  lk(M),  followed  by  1 
#M  ACh,  to test whether  the 
current  bad  been  completely 
activated. 
sharp  contrast  to  the  effect of 5  nM  ACh  on  GXP-free,  control  cells, where  it 
produces  no  measurable  current  (data not shown  here,  but  see  Fig.  2). 
In  order  to  determine  the  specificity of  the  effects  of  muscarinic  receptor 
stimulation,  the  effect of a  subthreshold ACh concentration  on  the  rate of Ik(M) 
activation was  assessed at  various  GppNHp/GTP  ratios  (Fig.  11,  filled circles). 
The ACh concentration  was 2  nM to provide conditions under which only GXP- 
induced  activation  of  IK(M) would  be  observed,  without  a  background,  GTP- 
induced increase in current.  The receptor-independent  activation curve for IK(M) 
(e.g., no ACh) is redrawn from Fig. 8  for comparison (open circles). It is evident 
that  2  nM  ACh  greatly accelerates the  rate of channel  activation at all ratios of 
GppNHp/GTP.  The  maximum  activation rate  is increased from  0.32  min -~  (in 
the absence of ACh)  to  2.46  rain -~.  Moreover,  the  rate of activation relative to 
that of the receptor-free rate was increased by essentially the same factor for all 
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FIGURE  11.  Effect  of 2  nM 
ACb on the rate of activation 
of IK(M) at  various GppNHp/ 
GTP  ratios.  Control  data 
(open circles) obtained in the 
absence of ACh are replotted 
from  Fig.  8.  The  effect  of 2 
nM  ACh  (filled  circles)  was 
determined  in  experiments 
similar  to  the  one  described 
in  Fig.  10.  The  error  bars 
show  1  SD;  each  point  rep- 
resents  two  to  six  experi- 
ments. The two data sets differ only by a scale factor. This is illustrated by the solid lines, 
which were drawn to the best combined fit with K0..~ =  3.9, n  =  1.5,  and R ...... =  2.46 
rain -~  for 2  nM ACh and 0.32 min -~  for the control. BR~,ITWlESER AND SZABO  Mechanism of Receptor-induced  K + Channel Activation  483 
GppNHp/GTP  ratios,  which  indicates  that  ACh  has  no  effect  on  the  relative 
affinity of Gk for GTP and  GppNHp.  This is best  illustrated  by the  theoretical 
lines, which  differ only by a  scale factor and were drawn  to  the  best combined 
fit of the  Hill equation with K0.~ =  3.9,  n  =  1.5,  and R ....  =  2.46  min -~  for 2 
nM ACh and R ....  =  0.32  rain -j  for no ACh. 
If ACh  affects  the  rates  of IK~M) activation  independently  of analogue  struc- 
ture,  then,  at  a  given ACh  concentration,  other  hydrolysis-resistant  GTP  ana- 
logues should  support  the activation of I~m~ tO  the  same extent  (provided that 
the  GXP/GTP  ratios  are  high  enough  to  produce  the  maximal  activation  rate 
for  each  analogue).  The  test  of  this  expectation  is  shown  for  GppNHp  and 
GTP'yS in  Fig.  12.  The  figure plots  the  activation rates in  the  presence of 0-5 
nM ACh for both analogues, at a GXP/GTP ratio of 20:1, which is large enough 
for  any  GTP  effects  to  be  negligible.  At  least  for  this  limited  concentration 
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FIGURE 12.  Catalytic  effect 
of ACh on the rate of persis- 
tent  IK~M) activation  in  the 
presence  of  hydrolysis-resis- 
tant  GTP  analogues.  The 
patch  pipette  contained  2 
mM  GTP  analogue,  either 
GTP3,S  (filled  circles),  or 
GppNHp (open  circles),  and 
0.1  mM GTP, 5 mM MgATP. 
The  rates  of  1K(M) activation 
were  measured  and  normal- 
ized  to  full  activation  pro- 
duced  by  1 #M  ACh,  as in  Fig.  10.  The  error bars  represent  1 SD;  each  point  is  an 
average of two to six experiments. The data could be fitted with a straight line having an 
intercept  of 0.44  min -~,  a  slope  of 0.84  min-~nM -~,  and  a  correlation  coefficient of 
0.998. 
range,  the  rate  of IK(M) activation depends  linearly on ACh  concentration.  The 
data for both GTP analogues fall on the same line. That is, the maximal rate of 
IK~M) activation  depends  only upon  the  concentration  of ACh.  This  result  sup- 
ports the idea that muscarinic receptor activation results in an increased rate of 
GDP  release  from Gk, which  is  mirrored  directly by channel  activation at  high 
analogue/GTP ratios. 
DISCUSSION 
Bullfrog atrial cells proved to be particularly well suited for quantitative studies 
of Gk-COupled muscarinic  ACh  receptor-induced  l~m) activation  in  vivo. These 
enzymatically  isolated  cells  are  electrophysiologically  simple  (Hume  and  Giles, 
1981;  Moore  et  al.,  1986),  noncultured,  and  fully  differentiated,  and  they 
exhibit  normal  pharmacological responses  (Hume and  Giles,  1983;  Momose et 484  THE .IOURNAI. OF GENERAL PHYSIOL()(;,Y ￿9  VO1.UME 91  1988 
al.,  1984) and have a  well-developed ability to maintain their metabolism in the 
face of a  significant loss of metabolites  to the  patch pipette.  This accounts,  in 
part, for the resiliency of receptor-dependent IK(M) activation even when guanine 
nucleotides are not included in the pipette solution. 
G-Protein  Involvement in Muscarinic Receptor Coupling to ImM  ) 
The  requirement of guanine  nucleotide  for the  process of IK~M) activation was 
first  demonstrated  by  the  ability  of GppNHp  to  permanently  activate  IK~M) in 
bullfrog atrial myocytes (Breitwieser and Szabo, 1985) and by the ability of GTP- 
free pipette solutions to inhibit agonist-dependent channel activation in cultured 
embryonic chick  atrial  cells  (Pfaffinger et al.,  1985).  In  adult  frog atrial  myo- 
cytes,  adequate  removal  of intracellular  GTP  in  the  latter  type of experiment 
required the use of a  mixture of metabolic inhibitors in addition to large patch 
pipettes. The slow time course of nucleotide depletion in these cells suggests the 
existence of several mechanisms  for the  maintenance  of adequate  intracellular 
GTP  levels  and/or  the  presence  of  intracellular  nucleotide  storage  compart- 
ments, which must be depleted (e.g., with mitochondrial uncouplers) in order to 
achieve an  observable inhibition of ACh-induced  IK(M).  The affinities of G-pro- 
teins  for GTP and  the  GTP analogues  used  in  this  study have been estimated 
from binding and activation studies  to be in the  50-500-nM  range  (Cassel and 
Selinger,  1976; Pfeuffer and Eckstein,  1976; Birnbaumer et al.,  1980; Northup 
et al.,  1982;  Hudson and  Fain,  1983;  Sunyer et al.,  1984;  Sternweis and  Rob- 
ishaw,  1984;  Brandt  and  Ross,  1985;  Kelleher et  al.,  1986;  Yamanaka  et  al., 
1986). Evidently, adult cardiac myocytes can maintain intracellular GTP concen- 
trations above these levels despite continuous dialysis.  In summary, the require- 
ment for cellular GTP, as well as the ability of nonhydrolyzable GTP analogues 
to affect IK~M) activation,  provide strong evidence for the  intimate  involvement 
of a  G-protein in the normal activation process of IK(M) in intact cells. 
Estimation of the Steady State  Cellular GTP Concentration 
An  estimate  of  the  steady  state  cellular  GTP  concentration  in  an  internally 
dialyzed cell under whole-cell patch-clamp conditions is of prime importance in 
this  study  for several  reasons.  First,  it  provides  a  basis  for understanding  the 
paradox of a  GTP-dependent process that can occur in the nominal absence of 
GTP. Second, it provides an estimate of a concentration below which the pipette 
solution cannot be relied upon to clamp the cell GTP concentration, and  thus 
it sets limits on the cell nucleotide ratios that can consistently and reproducibly 
be achieved. Third, it represents one of the only attempts to estimate the cellular 
GTP concentration existing under the actual experimental conditions of whole- 
cell patch clamp. 
An  upper limit to the cell GTP concentration under whole-cell clamp condi- 
tions can be obtained from the data of Fig.  8  on GppNHp-mediated receptor- 
independent activation of IKr  The rates of receptor-independent activation of 
IK~M) were maximal in the 0.5-2.5-mM  concentration range,  and were indepen- 
dent of the absolute concentration in the absence of added GTP in the pipette 
solution  (GppNHp/GTP  ratio  of 0o).  This implies  that  the  steady state  cellular BREITWIESER  AND SZABO  Mechanism of Receptor-induced K + Channel Activation  485 
GTP concentration must be  <50  #M,  since it would otherwise slow the  rate  of 
channel activation by 0.5  mM  GppNHp.  For GppCH2p,  in contrast,  the rate of 
receptor-independent activation of IK0a) was lower than maximal in the same con- 
centration  range,  and  depended  upon  the  absolute  concentration  of 
GppCHzp in the pipette. The rate obtained with  1 mM GppCH2p alone was 0.18 
+  0.04 min -I  (n  --  4), well below the maximal rate of 0.3 min -t. Addition of 25 
#M GTP to the  1 mM GppCH,~p pipette solution did not significantly reduce the 
rate, which remained 0.18  +__  0.02 min -1  (n  --  2).  Higher GppCH2p concentra- 
tions (2.0-2.5 raM) were required to approach the maximal receptor-independent 
activation rate (Fig. 9). The fact that 1 mM GppCH2p produced virtually the same 
activation rate in the presence or absence of 25 #M GTP implies that the addition 
of GTP to the  pipette solution had little effect on the steady state cellular GTP 
concentration, which therefore must be on the order of 25 #M. Taken together, 
these  data imply that  the  steady state  cellular GTP concentration under whole- 
cell patch clamp is in the 25-50-#M range. Given the above-mentioned high affin- 
ity (50-500  nM)  of purified G-proteins for GTP, these concentrations are  suffi- 
cient  to  fully  activate  the  G-protein  in  our  cells,  explaining  thereby  both  the 
observation of an ACh-induced IK~M) when GTP is absent from the pipette solu- 
tion  and  the  inability  of additional  GTP  in  the  pipette  to  enhance  the  ACh- 
induced IK~M). 
Basal, Receptor-independent  Turnover of Gk In  Vivo 
Under certain conditions, namely at high GXP/GTP ratios, GTP analogues elicit 
an inwardly rectifying K + current. By several criteria, the analogue-induced cur- 
rent  is  identical  to 1K0a). First,  in  agreement with  a  recent report of Simmons 
and Hartzell (1987),  the time dependence of the current after a voltage step is 
found to be similar for both currents. Second, the I-V relationships for the two 
currents are identical.  Finally, the two effects are not additive; ACh can elicit a 
current only if the analogue-activated current is not fully activated. 
Theoretical and  experimental considerations  indicate  that  the  concentration 
of small solutes like GTP and its analogues would be essentially uniform in the 
cell within  2  rain  after the  rupture  of the  membrane under  the  patch  pipette 
(Kameyama et al.,  1985;  Lapointe and Szabo,  1987).  We have nevertheless cir- 
cumvented any possible diffusional limitations imposed by the geometry of these 
cells  and  eliminated  the  contribution  of endogenous GTP  to  the  rate  of IK~ra) 
activation  by utilizing  fixed ratios  of nucleotides  at  concentrations well  above 
the expected cellular concentrations and in vast excess over the measured affin- 
ities of the  G-proteins for the  nucleotides (as discussed  above).  Restricted dif- 
fusion to the far reaches of the cell may initially produce a gradient of absolute 
concentrations within the cell, but at each point in the cell, the ratio GXP/GTP 
should be the same. Thus, the use of fixed GXP/GTP ratios in the patch pipette 
eliminates  any  possible  contribution  of concentration  gradients  and  examines 
only the effect of the  competition of two guanine nucleotide substrates  on the 
function of the  G-protein,  as  evidenced by the  similar  rates  of IK~) activation 
observed for a  range of cell sizes. 
All  of the  GTP analogues  produced a  persistent,  receptor-independent acti- 486  THE  JOURNAL  OF  GENERAl.  PHYSIOLOGY  ￿9  VOI,UME  9I  ￿9  1988 
vation  of IK(M) that  was  stable  for extended periods  of time  (>_-30 rain  in  our 
experiments), which indicates that the pools of activated G-protein produced by 
GTP'yS, GppNHp, and GppCH2p are not inactivated by hydrolysis or loss of the 
GTP analogue. This observation is in agreement with the results of single-chan- 
nel measurements on excised patches of membrane.  GTP"yS-induced activation 
of/K(M)  channels persisted after GTP'yS was washed out of the medium bathing 
the cytoplasmic side of the cell membrane (Kurachi et al.,  1986c,'  Logothetis et 
al.,  1987; Yatani et al.,  1987), which suggests  that  the  "off" rate of GXP over 
the time course of our experiments is essentially zero, and therefore the distinct 
relative binding affinities or the ability to compete with GTP of the various ana- 
logues  must  represent  a  phenomenon  associated  with  the  "on"  step  of GXP 
binding to  Gk.  Moreover, our results  suggest  that  activated  receptor does  not 
catalyze  nucleotide  exchange  on activated  Gk.  If this  process  were  operative, 
ACh  application  to  a  cell  in  which  IKr  was  fully activated  at  low  GXP/GTP 
ratios  would  shift  the  G-proteins  from  the  predominantly  GXP-bound  to  the 
GTP-bound state so that a subsequent washout of ACh would reduce 1Kr  Con- 
trary to this expectation, ACh does not remove the persistence of IKr  (data not 
shown).  Taken  together,  these  data indicate  that  hydrolysis-resistant GTP ana- 
logues  trap  Gk  in  a  permanently activated  uncoupled  pool,  whose  size can  be 
assessed from the magnitude of the IX~M) produced. 
The effects of the GTP analogues  reveal a  basal,  receptor-independent turn- 
over of Gk in vivo. Our observation of identical maximal rates of I~r  activation 
for the three GTP analogues suggests that basal G-protein turnover is limited by 
a  process  that  precedes  nucleotide  binding,  namely,  the  release  of GDP  from 
inactive, GDP-bound Gk. This result is consistent with kinetic studies of GTPase 
activity on solubilized G,, (Higashijima et al.,  1987a). At high GXP/GTP concen- 
trations,  practically  all  of  the  spontaneously  released  GDP  from  inactive  Gk 
would be replaced by hydrolysis-resistant analogue, so that  the rate of appear- 
ance of I~M) would be a  direct measure  of the rate of GDP release.  We found 
this rate to be near 0.3 rain -I. It is in surprisingly good agreement with the rate 
of  GDP  release  measured  in  solubilized  preparations  of  several  G-proteins, 
0.03-0.3/rain  (Higashijima et al.,  1987a-c). 
When only GTP is present in the cell, the basal  rate of Gk turnover does not 
produce a measurable IK~M). Evidently, the rate of GTP hydrolysis is high enough 
to preclude  the  development of a  significant pool of GTP-bound Gk.  The  rate 
of GTPase  activity  (kcat)  measured  either in  isolated  membranes  or solubilized 
preparations  of  G-proteins  is  on  the  order  of  2  min -1  (Higashijima  et  al., 
1987a).  Since this rate is approximately an order of magnitude higher than the 
rate of basal GDP release, it would be sufficient to account for the lack of recep- 
tor-independent  channel  activation  by  GTP.  Later  in  this  discussion,  we  will 
show that k~t is in fact likely to be much larger in vivo. 
GTP  competes  with  the  analogue  for  binding  to  Gk,  as  evidenced  by  the 
decreased  rates  of IKtM) activation  when  the  GTP/GXP  concentration  ratio  is 
increased in  the cell. The finding that  the degree of competition depends  only 
on the concentration ratio and is independent of the absolute levels of the gua- 
nine  nucleotides demonstrates  that  the  competition is  a  linear,  concentration- BRt.:ITWIESEP.  AND SZABO  Mechanism of Receptor-induced K + Channel Activation  487 
independent process. Note, however, that there is a large difference in the effec- 
tiveness  with  which  the  different  analogues  compete with  GTP  for binding  to 
Gk; from the data  in  Fig.  9,  the  concentration  ratios for half-maximal competi- 
tion with  GTP are  0.55,  3.25,  and  44.1  for GTP3,S,  GppNHp,  and  GppCH~p, 
respectively. A  similar sequence  of activation has been observed for transducin 
(Yamanaka et al.,  1986).  Since all of the  guanine  nucleotides  should diffuse to 
the binding site of Gk at approximately the same rate, the specificity of binding 
cannot be explained by a diffusion-limited "on" rate for the nucleotide-Gk reac- 
tion.  Rather,  it is likely that a  transient,  nucleotide-specific equilibrium is estab- 
lished with the binding site, followed by a  conformational change that locks the 
nucleotide  into  the  binding  site.  The  dissociation  of Gk  into  subunits  may be 
concomitant with this process. 
Mechanism  of Muscarinic  Receptor-catalyzed  IKCM~ Activation 
Muscarinic  receptor stimulation  induces  an  increase  in  the  rate  of IK<M) activa- 
tion,  which,  in  the  presence  of hydrolysis-resistant analogues,  can be  observed 
CHANNEL  ~ 
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FIGURE ]3.  Kinetic  scheme  for 
the activation cycle of IK<M). k(ACh) is 
the  rate  of GDP  release,  which  is 
modulated  by muscarinic  receptor 
activation; k~a, is the GTP hydrolysis 
rate;  GXP  represents  hydrolysis- 
resistant  GTP analogues;  G()  rep- 
resents the state of Gk to which no 
guanine  nucleotide  is  bound.  Fur- 
ther  details  of  the  scheme  are 
described in the text. 
at  normally  subthreshold  agonist  concentrations.  A  simple  model  that  can 
account for all of our observations is shown in Fig.  13.  It incorporates the nor- 
mal cycle for Gk activation by GTP,  as well as the  steps that occur in  the  pres- 
ence of hydrolysis-resistant GTP analogues.  It is instructive to examine the cycle 
that  occurs  under  normal  conditions  (upper pathway).  GkGDP is  the  predomi- 
nant  form of Gk in  the  absence  of ACh,  and  there  is  a  slow  rate  of receptor- 
independent GDP release, followed by binding of GTP. In the presence of ACh, 
the rate of GDP release, kAch, increases. At low concentrations of ACh, there is 
a  linear  dependence  of  kAC  h  on  ACh  concentrations:  kA('h  =  8.84  X  l0 s 
min-IM -I. [ACh]  +  0.44  min -I.  The  agonist-induced  increase  in  GDP  release 
from Gk results  in  a  decrease  in  the  steady state  level  of inactive,  GDP-bound 
Gk,  and  a  concomitant  rise  in  the  active,  GTP-bound  form.  Pool  sizes  will 
depend  upon  the  relative  rates  of GDP  release  (kAc,)  and  G.GTP  hydrolysis 
(k~,t); maximal concentrations  of ACh will  shift the  pools of Gk to  the activated 
form, resulting in maximal channel activation. 
There  are  two  indirect  ways  in  which  the  value of kc~t can  be  estimated  for 
cardiac myocytes. Washout of ACh following maximal stimulation of IK(M) results 488  THE  JOURNAL  OF  GENERAL  PHYSIOLOGY  "  VOI.UME  9l  1988 
in a very rapid decrease in the current (IK(M) decays from 90 to  10% of the max- 
imal current within 300 ms, which is at the limit of the solution-change capabil- 
ities of our present flow system).  If the fall of IK(u) during washout reflects the 
fall  in  the  concentration of the  GTP-bound G-protein,  then  our washout  data 
suggest that k, at >  200 min -~. It is also possible to estimate kr  by extrapolating 
the  data  of Fig.  12  to  the  concentration  of ACh  that  produces  half-maximal 
activation of IK~M), 160 riM, and presumably of the Gk pool as well. If the extrap- 
olation is valid, then for 160 nM ACh, kach  ----- 135 min-m. Since at this concen- 
tration  the  rate of Gk activation must equal  the rate of its inactivation by GTP 
hydrolysis, we estimate kcat  to  be  135  min -~.  Both of these estimates are nearly 
two  orders  of magnitude  larger  than  the  value  reported for k  .... in  solubilized 
preparations of brain  G,,,  ~2  min -~.  The faster rate of GTP hydrolysis in car- 
diac myocytes may be a  result of tissue or species specificity. There is the more 
likely possibility, however, that  kcat in vivo is larger than  that  in solubilized sys- 
tems, as would be expected, for example, if the GTP hydrolysis rate were influ- 
enced by Gk-effector interactions. 
GTP analogues (illustrated in the lower branch of Fig.  13) interact with Gk in 
a  manner identical to GTP,  except that  during  the  time course of our experi- 
ments,  they  can  be  considered  nonhydrolyzable  (kcat  =  0).  This  results  in  a 
buildup  of activated GkGXP, and  an  irreversibly activated population of chan- 
nels.  In  addition,  GXP  acts  as  a  drain  on  the  GkGDP  pool,  and  even  in  the 
absence of ACh,  there will  be a  time-dependent shift in the distribution  of Gk 
forms, until the entire population becomes GXP-bound. GTP and GXP compete 
for G(),  the  nucleotide-free form of Gk,  and  thus,  at  fixed concentrations  of 
both GTP and  GXP, there will be flow through both pathways.  When all of Gk 
is  in  the  permanently activated GkGXP pool and  the  GkGDP pool is  depleted, 
receptor activation (which catalyzes GDP release from GkGDP) should be with- 
out effect. This was indeed observed: ACh had no effect on IK(M) after full acti- 
vation of the system by GTP analogues. 
The independence of the GTP and GXP pathways is demonstrated in experi- 
ments in which receptor-independent activation of IK(M) by GXP was not allowed 
to reach completion at the  time of ACh application.  Rapid bath application of 
a high ACh concentration (1  #M) under these conditions produces an additional 
increnient in IK(M) characterized by a  peak current decaying to the steady state 
maximal IK(M) in a  manner similar to that observed in the absence of GXP (e.g., 
desensitization;  see  Fig.  7).  Under  the  simplest  circumstances,  the  transient  in 
IK(M) produced by ACh  (upper limit,  Fig.  13)  should be reduced in  magnitude 
but not otherwise altered, as the pool of GkGDP available for activation by ACh 
is reduced by its conversion to GkGXP. That this expectation is indeed observed 
is demonstrated in Fig.  14, which plots the relaxation amplitude  (e.g.,  the ratio 
of the peak to steady state receptor- [ACh-]  induced increment in current) as a 
function of the degree of receptor-independent activation of 1K(M) at  the time of 
ACh  application.  The  relaxation  amplitudes  are  seen  to  be  independent  of 
receptor-independent activation; that is, the size of the agonist-dependent tran- 
sient seems to directly reflect the size of the GkGDP pool. Although  the mech- 
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stood,  these  results  would  suggest  that  the  transient  of IK(M) activation  either 
derives from a  receptor-mediated phenomenon or is a  result of the  rapid  acti- 
vation  of  the  system.  The  cardiac  muscarinic  receptor  has  been  shown  to 
undergo agonist-dependent phosphorylation (Kwatra and Hosey, 1986), and this 
might alter the  process of channel  activation.  Alternatively, desensitization  may 
occur  at  Gk.  Protein  kinase  C-mediated  phosphorylation  of  G~  has  been 
reported  to block the  ability of muscarinic agonists  to inhibit  adenylate cyclase 
(Bauer and Jakobs,  1986; Bell and Brunton,  1986).  If Gk is phosphorylated upon 
muscarinic  receptor stimulation,  its ability to activate IK(M) may also be altered. 
Finally, the observed desensitization may arise from a property of the IK(M) chan- 
nel  itself:  its rapid  activation,  induced by a  sudden  increase in the  pool of acti- 
vated Gk, could produce a transiently longer-lived and/or more conductive open 
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FIGURE 14.  The  character- 
istics  of  receptor-activated 
IKCM) are  independent  of the 
level of receptor-independent 
IK(M).  Control  data  (filled 
squares) were obtained in the 
absence  of  added  guanine 
nucleotides.  Experiments 
with  GppNHp  (filled  circles) 
and  GTP3,S  (open  circles) 
were performed as in Fig.  7. 
The standard  electrode  solu- 
tion  contained  various  ratios 
of GXP/GTP, designed to produce a significant rate of receptor-independent IK(M) acti- 
vation.  IK(M) was  allowed  to  partially develop in  a  receptor-independent  manner,  to  a 
value L,, at which point  1 ~M ACh was rapidly applied to the cell. This immediately acti- 
vated the  rest of IK(M), characterized by a  peak current  (/pc,k) decaying to the  maximal 
steady state value for the cell  [IK(~).,c,,ay  ~,~,~].  The percent activation values were calculated 
as  [L,/IK(M),,~.dy  ,,~,~]  X  1  O0 and plotted on the abscissa. The relaxation amplitudes were 
calculated as (ll,e,,k --  L,)/[lK(M),,c.dy  .....  --  L,)  and plotted on the ordinate. 
channel  state.  While  our data do not allow us to discriminate among these pos- 
sibilities,  they provide the rational basis for further experiments concerning the 
mechanism(s) of desensitization. 
Although  there  is as yet  no  consensus  on  either  the  biochemical  identity  of 
the  G-protein  responsible  for K +  channel  activation or the  precise mechanism 
of the Gk activation process, this uncertainty does not  affect the  interpretation 
of our experimental results, since we have defined Gk functionally and measured 
the activation and turnover of Gk in vivo. In summary, our experiments provide 
a quantitative understanding of the overall features of the Gk-mediated coupling 
between  muscarinic  receptor  activation  and  IK(M) channel  opening  in  vivo.  In 
addition,  these results demonstrate that it is possible to study the kinetics of G- 
protein activation in intact cells, which is essential for a  detailed understanding 
of the  physiological mechanism(s) regulating G-protein functions. 490  THE JOURNAL OF GENERAL PHYSIOLOGY  ￿9 VOLUME 91  ￿9  1988 
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